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DOI: 10.1039/c0ce00539hFour mixed-ligand Ag(I) coordination complexes (CCs), namely, [Ag(cnpy)2(Hpta)] (1),
[Ag2(cnpy)2(Hpta)2] (2), [Ag4(cnpy)2(pta)2(H2O)]n (3) and [Ag2(inta)2(pta)$3H2O]n (4), (cnpy ¼
4–cyanopyridine, H2pta¼ phthalic acid, inta ¼ isonicotinamide) have been synthesized through a one-
pot ultrasonic reaction of silver(I) oxide, cnpy and H2pta under different pH values and structurally
characterized. Complexes 1 and 2 formed at lower pH values (5.0 for 1 and 6.9 for 2) exhibit zero-
dimensional (0D) mononuclear and tetranuclear motifs, respectively. Reaction at pH ¼ 8.8 leads to
a two-dimensional (2D) structure of 3 in which completely deprotonated H2pta shows two kinds of
coordination modes: m5-h
1:h1:h1:h3 and m6-h
1:h1:h1:h3. A further increase of the pH value to 9.4 results
in the in situ hydrolysis of cnpy and produces complex 4 as a one-dimensional (1D) chain structure. Of
particular interest, a well-resolved chair-like centrosymmetric hexamer water cluster, (H2O)6, which is
stabilized by 1D chains through six dangling hydrogen bonds, exists in 4. Comparing the experimental
results, it is comprehensible that the pH value plays a crucial role in the formation of the resulting
structures. Additionally, results about IR spectra, thermogravimetric curves and photoluminescence
spectra were discussed.1. Introduction
The crystal engineering of coordination complexes (CCs)
continues to progress at an explosive pace driven primarily by the
fundamental importance of the self–assembly phenomenon of
small building units to complicated architectures, intriguing
topological properties, and potential as new functional mate-
rials.1 Despite many Ag(I)-containing CCs were obtained by
various synthetic strategies such as secondary building units
(SBUs), template-directed, in situ ligand formation reactions and
so on,2 it is still a challenge for chemists to predict and control the
structure of CCs because many factors play important roles in
their self-assembly, such as (i) the coordination geometry
preferred by the metal, the counter ion and the chemical structure
of the ligands chosen;3 (ii) reaction conditions such as solvent,4
pH value of the solution,5 temperature,6 template, metal-to-
ligand ratio and method of crystallization;7 (iii) the non-covalent
forces such as hydrogen-bonding, p/p stacking, metal/metal
interactions based on d10 metal cations, metal/p, C–H/p and
anion/p interactions.8 As a result, much more elaborate and
systematic work is required to comprehend above-mentioned
factors that determine the fashions of molecular structure and
crystal packing in the solid state. In contrast to other transition
metal ions, Ag(I) possesses high affinity for N and O donors,State Key Laboratory of Physical Chemistry of Solid Surface, Department
of Chemistry, College of Chemistry and Chemical Engineering, Xiamen
University, Xiamen, 361005, China. E-mail: rbhuang@xmu.edu.cn
† Electronic supplementary information (ESI) available:
Crystallographic data in CIF format, additional figures of the
structures, powder X-ray diffraction (PXRD) patterns and IR spectra
for 1–4. CCDC reference numbers 783312–783315 are for 1–4,
respectively. For ESI and crystallographic data in CIF or other
electronic format see DOI: 10.1039/c0ce00539h
This journal is ª The Royal Society of Chemistry 2011flexible coordination number of two to eight and versatile
geometries, such as ‘‘linear’’, ‘‘seesaw’’, ‘‘square-pyramidal’’,
‘‘trigonal-bipyramidal’’, ‘‘square-planar’’, ‘‘tetrahedral’’ and
‘‘octahedral’’ coordination geometries, and so forth.9 What is
more, Ag(I) with closed-shell electronic configuration tends to
form noncovalent Ag/Ag interaction, which often complicates
the assembly process and may result in formation of polymers or
networks, catenanes, and polymetallic clusters.10 Hence, the
Ag(I) was extensively used as a metallic node in constructing
novel structural motifs.11 Cyano–containing heterocyclic
N–donor ligands, such as n-cyanopyridines (n ¼ 2, 3, 4), have
been reported as a bridge to link metal centers of the CCs.12 This
kind of ligands contain two or more N–coordination sites
differing in steric requirements and basic character. As we know,
the cyano N atom is perhaps a weaker donor atom than the
pyridine N atom,13 so they can show diverse metal binding
patterns including the ring nitrogen atom or the exocyclic cyano
group, and simultaneously both positions. Dicarboxylate ligands
are also of especial intriguing owing to their fascinating indi-
viduality including diverse coordination modes such as terminal
monodentate, chelating to one metal atom14 and bridging
bidentate in syn–syn, syn–anti or anti–anti fashion,15 and abun-
dant supramolecular interactions (hydrogen bonding and
aromatic stacking).16 Recently, the employment of mixed ligands
during the self–assembly process has gradually become an
effective approach, which is expected to obtain CCs with more
diverse structural motifs compared to using single type of
ligands.17
As one of the external stimuli, the pH value of the reaction is
especially important in the assembly of CCs.18 The pH effects are
as follows: (i) the specific ligand forms are intensively dependent
on the degree of the ligand deprotonation which will affect their































































View Onlineproducts;19 (ii) the generation of OH ligand is dependent on the
pH value of the reaction in aqueous solution;20 (iii) in situ
formation of ligands that are different from the original ones
may be possible depending on the reaction pH values;21 and
(iv) the reaction kinetics can be controlled by modulating pH
values.22 All these factors play crucial roles in the complexity of
metal–ligand complexation as well as the packing of the mole-
cules in solid state. Although pH value controlled CCs contain-
ing Cd(II),23 Ln(III),24 Co(II),25 Cu(II),26 Zn(II)27 and Ni(II),28 have
been documented, systematic investigation of the pH value effect
on the Ag(I)-containing CCs still remains rare.29
Taking in account the points aforementioned and considering
our previous work,30 we endeavoured to the self-assembly of
Ag(I) with cnpy and auxiliary H2pta, and investigated the influ-
ence of pH value on the structure of the resultant CCs as well as
their properties. In this paper, we report the syntheses, crystal
structures and properties of four new mixed-ligand CCs, namely,
[Ag(cnpy)2(Hpta)] (1), [Ag2(cnpy)2(Hpta)2] (2), [Ag4(cnpy)2-
(pta)2(H2O)]n (3), [Ag2(inta)2(pta)$3H2O]n (4), (cnpy ¼ 4–cya-
nopyridine, H2pta ¼ phthalic acid, inta ¼ isonicotinamide)
(Scheme 1). Their structures range from 0D mononuclear, tet-
ranuclear motifs to 1D chain and 2D sheet, revealing the pH
effect on the supramolecular architecture.2. Experimental
2.1. Materials and methods
All chemicals and solvents used in the syntheses were of
analytical grade and used without further purification. The pH
value was measured with a Delta 320 meter. IR spectra were
measured on a Nicolet 330 FTIR Spectrometer at the range of
4000–400 cm1. Elemental analyses were carried out on a CE
instruments EA 1110 elemental analyzer. PhotoluminescenceScheme 1 The preparation route of Ag(I) mixed-liga
1592 | CrystEngComm, 2011, 13, 1591–1601spectra were measured on a Hitachi F-4500 Fluorescence Spec-
trophotometer (slit width: 5 nm; sensitivity: high). TG curves
were measured from 25 to 800 C on a SDT Q600 instrument at
a heating rate 5 C min1 under the N2 atmosphere
(100 mL min1). X-Ray powder diffractions were measured on
a Panalytical X–Pert pro diffractometer with Cu-Ka radiation.2.2. Preparation
2.2.1. [Ag(cnpy)2(Hpta)] (1). Reaction of Ag2O (116 mg,
0.5 mmol), cnpy (104 mg, 1 mmol) and H2pta (166 mg, 1 mmol)
in acetonitrile–H2O media (6 mL, v/v ¼ 1 : 1) under ultrasonic
treatment (160 W, 40 KHz, 50 C, 10 min). The resultant col-
ourless solution (pH ¼ 5.0) was allowed slowly to evaporate
under the 38 C constant environment for two weeks to give
colourless crystals of 1. The crystals were isolated by filtration
and washed by deionized water and dried in air. Yield: Ca 61%
based on Ag2O. Elemental analysis: Anal. calcd for
AgC20H13N4O4: C 49.92, H 2.72, N 11.64%. Found: C 49.88,
H 2.84, N 11.58%. Selected IR peaks (cm1): 2241 (s), 1602 (m),
1566 (s), 1400 (s), 1382 (s), 1082 (w), 855 (w), 825 (w), 757 (w),
715 (w), 690 (w), 647 (w), 561 (w).
2.2.2. [Ag2(cnpy)2(Hpta)2] (2). The synthesis of 2 was similar
to that of 1, but adding 3 drops (150 mL) ammonia (25%) into
the mixture during the ultrasonic treatment (pH ¼ 6.9). Col-
ourless crystals of 2 were obtained in 78% yield based on Ag2O.
Elemental analysis: Anal. calcd For Ag4C56H36N8O16: C 44.59,
H 2.41, N 7.43%. Found: C 44.51, H. 2.47, N 7.46%. Selected IR
peaks (cm1): 2245 (s), 1679 (w), 1566 (s), 1483 (s), 1388 (m),
1287 (m), 1260 (s), 1152 (m), 1091 (m), 852 (m), 809 (m), 760 (m),
721 (m), 690 (m), 678 (m), 650 (w), 583 (w), 553 (w), 558 (w).nd CCs from the N-donor and O-donor ligands.































































View Online2.2.3. [Ag4(cnpy)2(pta)2(H2O)]n (3). The synthesis of 3 was
similar to that of 1, but adding 6 drops (300 mL) ammonia
(25%) into the mixture during the ultrasonic treatment (pH ¼
8.8). Colourless crystals of 3 were obtained in 67% yield based on
Ag2O. Elemental analysis: Anal. calcd For Ag4C28H18N4O9: C
34.11, H 1.84, N 5.68%. Found: C 34.15, H. 1.79, N 5.72%.
Selected IR peaks (cm1): 3421 (s), 2253 (s), 1606 (m), 1563 (s),
1403 (s), 1379 (s), 1085 (w), 849 (w), 828 (w), 764 (w), 718 (w), 690
(w), 650 (w), 558 (w).
2.2.4. [Ag2(inta)2(pta)$3H2O]n (4). The synthesis of 4 was
similar to that of 1, but adding 12 drops (600 mL) ammonia
(25%) into the mixture during the ultrasonic treatment (pH ¼
9.4). Colourless crystals of 4 were obtained in 57% yield based on
Ag2O. Elemental analysis: Anal. calcd For Ag2C20H22N4O9: C
35.42, H 3.27, N 8.26%. Found: C 35.33, H. 3.35, N 8.33%.
Selected IR peaks (cm1): 3415 (s), 3318 (s), 3314 (s), 1658 (s),
1560 (s), 1459 (m), 1440 (m), 1391 (s), 1379 (s), 1266 (m), 1232
(m), 1155 (w), 1079 (w), 840 (w), 757 (w), 669 (w).
2.3. X-Ray crystallography
Single crystals of complexes 1–4 with appropriate dimensions
were chosen under an optical microscope and quickly coated
with high vacuum grease (Dow Corning Corporation) before
being mounted on a glass fiber for data collection. Data were
collected on a Rigaku R-AXIS RAPID Image Plate single-
crystal diffractometer with graphite-monochromated Mo-Ka
radiation source (l ¼ 0.71073 A) operating at 50 kV and 90 mA
in u scan mode for 1–4. A total of 44  5.00 oscillation images
was collected, each being exposed for 5.0 min. Absorption
correction was applied by correction of symmetry-equivalent
reflections using the ABSCOR program.31 In all cases, the
highest possible space group was chosen. All structures were
solved by direct methods using SHELXS-9732 and refined on F2
by full-matrix least-squares procedures with SHELXL-97.33
Atoms were located from iterative examination of difference
F-maps following least squares refinements of the earlier models.
Hydrogen atoms were placed in calculated positions and
included as riding atoms with isotropic displacement parameters
1.2–1.5 times Ueq of the attached C or N atoms. The hydrogen
atoms attached to oxygen were refined with O–H ¼ 0.85 A, and
Uiso(H) ¼ 1.2Ueq(O). All structures were examined using the
Addsym subroutine of PLATON34 to assure that no additional
symmetry could be applied to the models. Pertinent crystallo-
graphic data collection and refinement parameters are collated in
Table 1. Selected bond lengths and angles for 1–4 are collated
in Table 2. The hydrogen bond geometries for 1–4 are shown in
Table S1.†
3. Result and discussion
3.1. Synthesis
The syntheses of complexes 1–4 were carried out in the darkness
to avoid photodecomposition and summarized in Scheme 1. As is
well known, the reactions of Ag(I) with dicarboxylates in
aqueous solution often result in the formation of microcrystalline
or amorphous insoluble silver salts, presumably due to the fast
coordination of the carboxylates to Ag(I) ions to formThis journal is ª The Royal Society of Chemistry 2011polymers.35 Hence, properly lowering the reaction speed, such as
using ammonia conditions, layer-separation diffusion method,
or even gel permeation method may favour to the formation of
crystalline products.15a, 36 X-Ray crystallography, IR and
elemental analysis clearly confirmed the in situ generation of
4-pyridine carboxamide from hydrolysis of the corresponding
4-cyanopyridine for complex 4 under ultrasonic condition.
Moreover, in this system, ultrasound technique37 can realizes the
rapid (10 min) and efficient (max. 30 different experiments in one
batch) preparation of CCs. The adjustment of pH values is
achieved by adding different volume of 25% ammonia.3.2. Structure descriptions
3.2.1. [Ag(cnpy)2(Hpta)] (1). Single-crystal X-ray diffraction
analysis reveals that complex 1 presents a 0D mononuclear
molecule which crystallizes in the space group P1. There are one
Ag(I) ion, two cnpy and one Hpta in the asymmetric unit of 1. As
depicted in Fig. 1a, the Ag1 is located in a T-shaped geometry
and coordinated by two cnpy with heterocyclic N atoms and one
Hpta anion (Ag1–N1 ¼ 2.2389(17), Ag1–N3 ¼ 2.1952(16),
Ag1–O1 ¼ 2.4405(16) A). In addition to the strong coordination
bonds, the Ag/O weak interactions also exist (Ag1/O1i ¼
2.9438(15), Ag1/O3iii¼ 2.9931(15) A). These Ag/O separation
distances are a little longer but still fall in the secondary bonding
range (the sum of van der Waals radii of Ag and O is 3.24 A).38
Both Ag–N and Ag–O bond lengths are well-matched to those
observed in similar complexes.39 Although the cyano group is
moderate in view of their affinity towards Ag(I) ion, in 1, the
pendant cyano group does not coordinate to Ag(I) and just
directs toward an aromatic H atom of a pyridyl ring to form non-
classic C–H/Ncyano hydrogen bond (C2–H2A/N4
vi ¼ 3.327(3)
A) which demonstrates that Ncyano atom is perhaps a weaker
donor when compared with Npyridyl atom. A pair of adjacent
mononuclear molecules are linked to a dimer incorporating
a R2
2(14) motif40 through strong O–H/O hydrogen bond with
O4/O2ii distance of 2.5926(19) A. The inter-dimer face-to-face
p/p interaction (Cg1/Cg2iv ¼ 3.6925(14) A, Cg1 is the
centroid of aromatic ring N1/C1–C5) involving pyridyl ring
extends the dimers into the 1D chain (Fig. 1b). The 1D chains are
further packed into 3D supramolecular framework through
Ccnpy–H/ppta interactions (C1–H1A/Cg3
iii: dH/Cg3 ¼ 2.92 A,
dC/Cg3¼ 3.544(2) A and q¼ 126; C10–H10A/Cg3v: dH/Cg3¼
2.86 A, dC/Cg3 ¼ 3.594(2) A and q ¼ 136; Cg3 is the centroid of
aromatic ring C14–C19, q is the angle of C–H/Cg, Fig. S1† and
Table S3†) and Ag/Ag interaction with Ag1/Ag1i separation
of 3.3581(10) A. (Symmetry code: (i) x, y + 1, z + 1,
(ii) x + 1, y, z + 1, (iii) 1 + x, y, z, (iv) x  1, y + 1,
z + 1, (v) x, y, z + 1, (vi) x, y, z + 1.)
3.2.2. [Ag2(cnpy)2(Hpta)2] (2). As shown in Fig. 2a, the
asymmetric unit of 2 consists of two crystallographically
different Ag(I) ions, two cnpy ligands and two Hpta anions. The
Ag1 and Ag2 adopt tetrahedral and T-shaped geometries,
respectively. The distortion of the tetrahedral geometry can be
indicated by the calculated value of the s4 parameter41 to describe
the geometry of a four-coordinate metal system. The s4 param-
eter is 0.72 for Ag1. The maximum bond angle and sum of bond
angles around Ag2 are 165.5(2) and 359.8(2), respectively. TheCrystEngComm, 2011, 13, 1591–1601 | 1593
Table 1 Crystal data for 1–4a
Complex 1 2 3 4
Empirical formula AgC20H13N4O4 Ag4C56H36N8O16 Ag4C28H18N4O9 Ag2C20H22N4O9
Formula weight 481.21 1508.41 985.94 678.16
Crystal system Triclinic Triclinic Monoclinic Triclinic
Space group P1 P1 Cc P1
a/A 6.6399(13) 7.8033(16) 33.834(7) 9.906(2)
b/A 9.959(2) 12.222(2) 6.0198(12) 11.060(2)
c/A 14.116(3) 114.569(3) 14.566(3) 11.520(2)
a/ 79.80(3) 108.39(3) 90 69.44(3)
b/ 87.28(3) 99.67(3) 109.49(3) 70.84(3)
g/ 84.30(3) 95.65(3) 90 87.16(3)
V/A3 913.7(3) 1282.6(4) 2796.7(10) 1113.2(4)
Z, Dc/Mg m
3 2, 1.749 1, 1.953 4, 2.342 2, 2.023
F(000) 480 744 1896 672
m/mm1 1.140 1.589 2.824 1.821
Ref. collected/unique 7858/3574 9684/4436 11 489/4847 8700/3896
Rint 0.0250 0.0784 0.0235 0.0354
Parameters 262 380 407 316
Final R indicesa[I > 2s(I)] R1 ¼ 0.0245 R1 ¼ 0.0885 R1 ¼ 0.0173 R1 ¼ 0.0388
wR2 ¼ 0.0601 wR2 ¼ 0.2239 wR2 ¼ 0.0408 wR2 ¼ 0.1033
R indices (all data) R1 ¼ 0.0264 R1 ¼ 0.1087 R1 ¼ 0.0179 R1 ¼ 0.0451
wR2 ¼ 0.0613 wR2 ¼ 0.2584 wR2 ¼ 0.0424 wR2 ¼ 0.1072
GOF 1.057 1.035 1.041 1.094































































View OnlineAg–N and Ag–O bond lengths fall in the ranges of 2.345(7)–
2.366(7) and 2.191(6)–2.555(6) A, respectively. Taking the long
range interactions into account, there are abundant Ag/O weak
interactions around Ag1 and Ag2 ranging from 2.874(7) to
3.013(7) A.Table 2 Selected bond lengths (A) and angles () for 1–4a
Complex 1
Ag1–N3 2.1952(16) Ag1–O1 2.4405(16)
N3–Ag1–N1 158.21(6) N1–Ag1–O1 83.09(6)
a Symmetry codes: (i)x,y + 1,z + 1 for 1; (i)x + 1,y + 1,z + 1 for 2
(v) x, y + 2, z  1/2, (vi) x, y, z + 1/2 for 3; (i) x, y + 1, z + 1; (ii) x + 1
Complex 2
Ag1–O3i 2.260(6) Ag1/Ag2 2.8719(13)
Ag1–N1 2.345(7) Ag2–O4i 2.191(6)
O3i–Ag1–N1 106.5(2) O5–Ag1–O1 75.40(19)
O3i–Ag1–O5 151.5(2) O3i–Ag1–O1 126.4(2)
N1–Ag1–O1 84.7(2)
Complex 3
Ag1–N1 2.146(3) Ag1–O8i 2.173(3)
Ag2–O7i 2.258(2) Ag2–O1 2.299(3)
Ag3–O4ii 2.202(3) Ag3–N3 2.183(3)
Ag4–O4v 2.565(3) Ag4–O5 2.386(3)
Ag1/Ag4 3.1340(6) Ag1/Ag2 3.0242(10)
N1–Ag1–O8i 168.00(10) O8–Ag1–O1Wi 81.35(9)
N1–Ag1–O1W 104.62(10) O5–Ag4–O6 52.70(9)
O7i–Ag2–O1 158.03(9) O4v–Ag4–O6 119.98(9)
O7i–Ag2–O3ii 119.47(8) O6–Ag4–O8i 104.64(9)
O2iv–Ag4–O4v 91.95(10)
Complex 4
Ag1–O1 2.089(4) Ag2–N1 2.163(3) A
Ag1–O5 2.648(3) Ag1/Ag1ii 3.2406(12) O
1594 | CrystEngComm, 2011, 13, 1591–1601Tetranuclear 2 is comprised of carboxyl-bridged two
symmetry-related dinuclear [Ag2(cnpy)2(Hpta)2] subunits in
which two carboxyl groups clamp a pair of Ag(I) ions forming
a short Ag/Ag separation of 2.8719(13) A, which is comparable
the Ag/Ag distance of 2.88 A in metallic silver,38a indicating theAg1–N1 2.2389(17) Ag1/Ag1i 3.3581(10)
N3–Ag1–O1 118.66(6)
; (i) x, y + 1, z; (ii) x, y 1, z; (iii) x,y + 1, z + 1/2; (iv) x,y + 1, z 1/2;
, y + 1, z + 1 for 4.
Ag1–O5 2.408(6) Ag2–O6 2.234(6)
Ag1–O1 2.555(6) Ag2–N3 2.366(7)
N1–Ag1–O5 92.4(2) O4i–Ag2–N3 103.9(2)
O4i–Ag2–O6 165.5(2) O6–Ag2–N3 90.4(2)
Ag1–O1W 2.707(3) Ag2–O3ii 2.552(2)
Ag2–O1W 2.646(3) Ag4–O6 2.596(3)
Ag4–O8i 2.599(3) Ag4–O2iv 2.289(3)
Ag3–O8vi 2.679(3) Ag4/Ag3iv 3.1426(6)
Ag2/Ag3 3.0792(7) Ag2/Ag4iii 3.0914(8)
O1–Ag2–O3ii 78.18(9) O2iv–Ag4–O8i 132.19(10)
N3–Ag3–O4ii 168.98(10) O2iv–Ag4–O6 122.80(9)
O2iv–Ag4–O5 120.73(10) O5–Ag4–O8i 82.15(9)
O5–Ag4–O4v 145.68(8) O4v–Ag4–O8i 66.91(7)
g1–O2i 2.103(4) Ag2–N2 2.162(4)
1–Ag1–O2i 171.48(15) N1–Ag2–N2 173.94(14)
This journal is ª The Royal Society of Chemistry 2011
Fig. 1 (a) The coordination environment of Ag(I) ion in 1 with the
thermal ellipsoids at 30% probability level. (b) Presentation of 1D chain
incorporating p/p interaction (purple dashed lines) and O–H/O































































View Onlineexistence of argentophilic interactions.42 Two Hpta ligands show
different coordination modes: m2-h
1:h1:h0:h0 and m3-h
1:h1:h1:h0.
The m2-Hpta utilizes its anti-H on carboxyl to form intra-
molecular hydrogen bonds (O7/O5 ¼ 2.406(8) A) with an S(6)
motif,43 and the m3-Hpta links the dinuclear subunits into the
tetranuclear 2. Differently, the syn-H on m3-Hpta links theFig. 2 (a) The coordination environments of Ag(I) ions in 2 with the
thermal ellipsoids at 30% probability level. Hydrogen atoms bonded on
carbon atoms were omitted for clarity. Symmetry codes: (i) x + 1,
y + 1, z + 1. (b) Scheme of 1D chain incorporating inter- (green
dashed lines) and intramolecular (blue dashed lines) hydrogen bonds.
This journal is ª The Royal Society of Chemistry 2011neighbouring tetranuclear molecules into a 1D chain through
intermolecular O–H/O hydrogen bond (Fig. 2b). Moreover, the
1D chains are stabilized into 3D supramolecular framework
through weak offset p/p interaction between adjacent phenyl–
phenyl of Hpta and pyridyl–pyridyl of cnpy (av. Cg/Cg ¼
3.909(5) A, Fig. S2† and Table S2†).
3.2.3. [Ag4(cnpy)2(pta)2(H2O)]n (3). Complex 3 is a 2D
coordination polymer and crystallizes in an acentric space group
Cc. In the structure of 3, as shown in Fig. 3a, there are four
crystallographically independent Ag(I) ions, two completely
deprotonated H2pta, two cnpy ligands as well as one m2-H2O.
Both Ag1 and Ag2 locate in the four-coordinated geometry, in
details, the Ag1 is coordinated by one Ncnpy atom and three O
atoms (one Owater and two Opta), while the coordination geom-
etry of Ag2 is completed by four O atoms (one Owater and three
Opta). The s4 parameters are 0.41 and 0.51 for Ag1 and Ag2,
respectively, indicating the substantial deviation from the idealFig. 3 (a) ORTEP plot showing the coordination environments of Ag(I)
ions in 3 with the thermal ellipsoids at 30% probability level. Hydrogen
atoms bonded on carbon atoms were omitted for clarity. Symmetry
codes: (i) x, y + 1, z; (ii) x, y  1, z; (iv) x, y + 1, z  1/2; (v) x, y + 2,
z 1/2, (vi) x,y, z + 1/2. (b) A view of the 1D Ag chain. Symmetry code:
(iii) x, y + 1, z + 1/2. (c) Illustrative representation of the 2D sheet
viewed along the bc plane.
CrystEngComm, 2011, 13, 1591–1601 | 1595
Fig. 4 (a) ORTEP plot showing the coordination environments of Ag(I)
ions in 4 with the thermal ellipsoids at 30% probability level. Hydrogen
atoms bonded on carbon atoms were omitted for clarity. Symmetry code:
(i) x, y + 1, z + 1. (b) A view of the 1D net incorporating C–H/p
interactions. (c) Perspective view of the single (H2O)6 cluster unit showing
hydrogen bonding interactions. Symmetry codes: (v) x + 1, y, z + 1;
(x) 1 + x, y, z + 1; (xi) x, y, z + 2. (d) view of the hexamer water































































View Onlinesquare-planar geometry for Ag1 and from the ideal tetrahedral
geometry for Ag2 (for a perfect square-planar geometry, s4
equals 0; a perfect tetrahedral geometry is described when s4
equals 1). The Ag3 is located in the T-shaped environment
completed by one Ncnpy and two Opta. Different from Ag1–Ag3,
Ag4 is in a five-coordinated distorted trigonal-bipyramidal
geometry which is comprised of five O atoms from four different
pta. Addison et al.,44 defined a geometric parameter s5 to five–
coordinate metal system as an index of the degree of distortion.
The s5 parameter for Ag4 is 0.68 (for ideal square-pyramidal
geometry, s5 ¼ 0; for ideal trigonal-bipyramidal geometry, s5 ¼
1) which clearly indicates the substantial deviation from the ideal
trigonal-bipyramidal geometry. The average Ag–O and Ag–N
distances are 2.457(3) and 2.165(3) A, respectively. The Ag/O
weak interactions in 3 give an average distance of 2.883(3) A.
It is noteworthy that four different Ag/Ag interactions in 3
fall into the range of 3.0242(10)–3.1426(6) A, which are not
exceptional and agree with the previously reported values.45 If
neglecting all the ligands, the Ag(I) ions aggregate along the
b axis into a chain (Fig. 3b) which is comprised of Ag1 linked Ag-
triangle (Ag2, Ag3 and Ag4). In 3, the fully deprotonated H2pta
shows two kinds of coordination modes: m5-h
1:h1:h1:h3 and m6-
h1:h1:h1:h3. Similar high-connective modes of carboxylate
ligands were also observed in other Ag(I)-carboxylates.46 The m5-
and m6-pta ligands combine with m2-H2O to bridge the Ag(I) ions
into a 2D sheet along the bc plane (Fig. 3c). The cnpy just as
a monodentate Npyridyl ligand decorates the resultant 2D sheet,
which is consolidated by face-to-face p/p interaction (Cg1/
Cg2v ¼ 3.674(2) and Cg3/Cg4vi ¼ 3.681(2) A, Cg1–Cg4 are the
centroids of aromatic ring N1/C1–C5, C22–C27, N3/C15–C19
and C8–C13, respectively, Fig. S3†) and C–H/p interactions
(Fig. S4 and Table S4).† Furthermore, the 2D sheets are packed
into 3D framework through inter-sheet C–H/Ncyano hydrogen
bonds (C2–H2A/N4 ¼ 3.370(6) and C18–H18A/N2 ¼
3.353(6) A, Fig. S5).†
3.2.4. [Ag2(inta)2(pta)$3H2O]n (4). As shown in Fig. 4a, in
the asymmetric unit of 4, there exist two Ag(I) ions, two inta, one
tpa and three uncoordinated water molecules. The coordination
environments of Ag1 and Ag2 can be described as T-shaped and
linear geometries, respectively. The T-shaped geometry is defined
by three O atoms from two different inta ligands and one pta
ligand (Ag1–O1 ¼ 2.089(4), Ag1–O2i ¼ 2.103(4) and Ag1–O5 ¼
2.648(3) A), and the maximum bond angle around Ag1 is
171.48(15), which deviates from ideal 180 due to the coordi-
nation effect of Opta atom. The Ag2 is coordinated by two N
atoms from two different inta with the bond angle N1–Ag2–N2
being 173.94(14) and weakly interacts with lattice water mole-
cule (Ag2/O2W ¼ 2.759(4) A). (Symmetry code: (i) x, y + 1,
z + 1.)
The formation of inta ligand in complex 4 shows that the
higher pH value can promote the hydrolysis of cnpy. It is well
established that pyridinecarboxamide is readily obtained via the
hydrolysis of cyanopyridine in the presence of a catalyst,46 and
there are many reports on the construction of novel metal–
organic complexes via the in situ hydrolysis of cyanopyridine to
pyridinecarboxylate under hydrothermal conditions.47 However,
to the best of our knowledge, there is no precedent of coordi-
nation network assembly using in situ pyridinecarboxamide1596 | CrystEngComm, 2011, 13, 1591–1601generated under ultrasonic condition, and complex 4 represents
the first one example of hydrolysis of cyanopyridine to pyr-
idinecarboxamide under ultrasonic condition.
The m2-N
1:O1-inta ligands link Ag(I) ions to form a 1D chain.
The m1-pta ligands dangle on the chain without extension of the
1D chain to the higher dimensionality (Fig. 4b). The adjacent
chains are packed into 2D network through face-to-face strong
p/p interaction between pyridyl–pyridyl rings of inta (Cg1/
Cg1vii¼ 3.472(3) and Cg1/Cg2viii¼ 3.483(3) A, Cg1 and Cg2 are
the centroids of aromatic ring N1/C1–C5 and N2/C7–C11,































































View OnlineWithin the 1D chain, the inta and pta ligands are approximately
vertical with a dihedral of ca. 71.6 which geometrically facili-
tates the formation of C–H/p interactions between the H atom
bound on the inta and aromatic ring of pta (C10–H10A/Cg3ix:
dH/Cg3 ¼ 2.84 A, dC/Cg3 ¼ 3.696(5) A and q ¼ 150; Cg3 is the
centroid of aromatic ring C14–C19, q is the angle of C–H/Cg).
(Symmetry codes: (ii) x + 1, y + 1, z + 1; (vii) x + 1,
y + 1, z, (viii) x + 1, y, z; (ix) x, y  1, z  1.)
Another fascinating feature of solid state structure of 4 is the
existence of a hexamer chair-like water cluster. Recently, water
clusters have been extensively studied, both theoretically and
experimentally, in attempts to provide insight into the structure
and properties of ice or liquid water.48 Small water clusters,
(H2O)n where n ¼ 3–12, have been extensively studied and
structurally characterized, such as trimers,49 tetramers,50 pen-
tamers,51 hexamers,52 octamers,53 decamers,54 undecamers,55 and
dodecamers.56 Among these clusters, the hexamer is particularly
interesting as this cluster can exhibit some of the properties of
bulk water.57 Theoretical calculations have predicted several
different isomers for this cluster of which five low energy ones,
viz., ‘‘cage’’, ‘‘prism’’, ‘‘book’’, ‘‘boat’’, and ‘‘cyclic’’, are almost
isoenergetic.58 The ‘‘cage’’ structure, predicted to be the most
stable conformation at very low temperature, has been
observed59 by vibration–rotation tunnelling spectroscopy while
a higher energy quasi-planar cyclic hexamer could be detected in
a helium droplet.60 Since the lattice of a crystal host may offer an
additional stabilization energy for water clusters, many cyclic
hexamers with different geometries have been characterized in
host lattices.
The geometrical parameters of the water cluster in 4 are
collected in Table 3. As shown in Fig. 4c, the water cluster takes
the shape of a chair, within it, the O1W acts as solely double
hydrogen bond acceptor while O2W acts as double hydrogen
bond donor. The hydrogen bonds link the water molecules to
form a centrosymmetric R6
4(12) motif which is different with
previously reported head-to-tail R6
6(12) motif in a chair-like
hexamer water cluster.61 The remaining water molecule (O3W)
acts as single hydrogen bond donor as well as acceptor. In the
hexamer, the O/O distances range from 2.757(5) to 3.003(5) A,
resulting in an average O/O distance of 2.873(5) A, which is
longer than the corresponding values in ice Ih at 183 K (2.759(2)
A) and is comparable to the distance in liquid water.62 The O/
O/O bond angles are 108.65(16), 121.72(16) and 118.34(15),
respectively, which are slightly different from the tetrahedral
angle found in ice Ih and Ic.
63 The conformational variation from










a Symmetry codes: (v) x + 1, y, z + 1; (x) 1 + x, y, z + 1;
(xi) x, y, z + 2.
This journal is ª The Royal Society of Chemistry 2011environment these clusters are in. Theoretical calculations for the
hexamer have revealed the existence of five conformations with
energies within 0.7 kcal mol1 of each other. This nearly iso-
energetic nature of the different clusters of water hexamers
suggests that the conformations can transform with each other
depending strongly on the chemical environment the cluster is in.
In 4, the 1D Ag-inta chains act as anchors for holding the
hexamer water clusters (Fig. 4d) through Owater–H/Opta
hydrogen bond (av. O/O ¼ 2.748(4) A) and Ag/Owater weak
interaction.3.3. Influence of pH values of the reaction on structures
Since complexes 1–4 were obtained from the same reactants with
fixed ratio and the reaction conditions but with a slight change in
the pH values (Scheme 1), undoubtedly, the pH value of the
reaction plays an important role in controlling the structures of
the complexes. Based on the structures of 1–4, we found that the
pH influence on the structure is, in fact, its effect on the degree of
the deprotonation of H2pta, coordination modes of H2pta as well
as hydrolysis of cyanopyridine. As demonstrated by the
comparison of 1–4, the high pH value favours the deprotonation
of the H2pta as well as hydrolysis of cyanopyridine, while
deprotonation of the H2pta can promote its coordination to the
metal ion on the basis of acid–base chemistry and soft and hard
acid–based principle. At pH ¼ 5.0 and 6.9, the H2pta does not
fully deprotonate and forms its monoanion species, as a result,
the mononuclear complex 1 and tetranuclear complex 2 form.
Although, in 1 and 2, the different pH values do not change the
degree of deprotonation of H2pta, relative higher pH value can
promote the Hpta to act as a bridging ligand ligating more Ag(I)
ions. When adding more ammonia into the mixture, the pH value
reach at 8.8 which makes H2pta fully deprotonated to form its
dianion species and gives 3 a 2D sheet. As the pH value of
reaction mixture is further elevated to 9.4, it results in not only
the full deprotonation of H2pta but also the hydrolysis of
4-cyanopyridine to isonicotinamide. The in situ generated iso-
nicotinamide ligand adopts m2-N
1:O1-mode to link Ag(I) ions
giving 4 a 1D chain. In a word, the pH effects are responsible for
structural diversity of the resultant CCs.3.4. IR spectra
The IR spectra (Fig. S7†) of complexes 1–3 show features
attributable to the cyano group stretching vibrations (2241, 2245,
2253 cm1 for 1–3, respectively).64 The characteristic bands of the
carboxyl groups are shown in the range 1560–1679 cm1 for
asymmetric stretching and 1379–1483 cm1 for symmetric
stretching. Furthermore, the (nas  ns) values are 202/184 cm1
for 1, 196/178 cm1 for 2, 203/184 cm1 for 3, 199/171 cm1 for 4,
respectively. The splitting of nas(COO) indicates the different
coordination modes of carboxylate,65 being in agreement with
their crystal structures. For 4, the disappearance of absorption
band at 2250 cm1 due to the cyano group stretching vibration
and the appearance of the N–H asymmetric and symmetric
stretching bands (nas ¼ 3415 and ns ¼ 3314 cm1) clearly indicate
the cnpy has been in situ transformed to inta ligand. This
absorption is much sharper than Owater–H stretching and can,
therefore, be easily differentiated.CrystEngComm, 2011, 13, 1591–1601 | 1597































































View Online3.5. X-Ray power diffraction analyses and thermal analyses
Powder X-ray diffraction (XRD) has been used to check the
phase purity of the bulky samples in the solid state. For
complexes 1–4, the measured XRD patterns closely match the
simulated patterns generated from the results of single-crystal
diffraction data (Fig. S8†), indicative of pure products. The
thermogravimetric (TG) analysis was performed in N2 atmo-
sphere on polycrystalline samples of complexes 1–4 and the TG
curves are shown in Fig. 5. The TG curve of 1 shows the first
weight loss of 33.98% in the temperature range of 25–151 C,
which indicates the loss of Hpta (calcd: 34.32%). The second
weight loss step happens in 152–270 C corresponding to the loss
of cnpy (obsd: 42.87% and calcd: 43.27%). For 2, the loss of Hpta
(obsd: 44.25% and calcd: 43.79%) and cnpy (obsd: 26.51% and
calcd: 27.61%) ligands happens in the ranges of 25–200 and
201–307 C, respectively. For 3, an initial weight loss of 1.41%
corresponds to the loss of coordinated water (calcd: 1.83%). The
second weight loss of 22.84% (calcd: 21.12%) corresponds to the
loss of the cnpy. The final weight loss of 34.32% corresponds to
the loss of pta (calcd: 33.29%). For 4, the weight loss attributed to
the gradual release of three water molecules is observed in the
range of 25–128 C (obsd: 6.99% and calcd: 7.96%). The
decomposition of residual composition occurs at 129 and 222 C
corresponding to the loss of pta (obsd: 23.80% and calcd:
24.20%) and inta (obsd: 35.14% and calcd: 36.02%) ligands,
respectively.
3.6. Photoluminescence properties
The photoluminescence spectra of the free ligands and complexes
1–4 are shown in Fig. 6. The free ligands cnpy and H2pta display
photoluminescence with emission maxima at 350 and 345 nm
(lex ¼ 280 nm), respectively. It can be presumed that these peaks
originate from the p* / n or p* / p transitions. Intense
emissions are observed at 401 nm (lex ¼ 300 nm) for 1, 471 nm
(lex ¼ 320 nm) for 2, 449 nm (lex ¼ 300 nm) for 3 and 380 nm
(lex ¼ 300 nm) for 4, respectively. When compared to the pho-
toluminescence spectra of the free ligand, the emission bands of 1Fig. 5 TGA curves for complexes 1–4.
1598 | CrystEngComm, 2011, 13, 1591–1601and 4 are similar to that of H2pta and should be assigned to
intraligand transition of coordinated O-donor ligand. Different
from 1 and 4, the emission of 2 and 3 red–shifted by nearly
100 nm with respect to the free ligands, which may come from the
electronic transition between p orbitals (filled orbitals) of coor-
dinated N atoms and 5s orbital (empty orbital) of Ag(I) ion, i.e.,
ligand-to-metal charge transfer (LMCT), mixed with metal-
centered (d–s/d–p) transitions modified by Ag(I)/Ag(I)
interactions.664. Conclusions
Based on Ag2O, cnpy and H2pta, we synthesized four CCs under
different pH values. These structures range from a 0D mono-
nuclear, tetranuclear to 1D chain and 2D sheet. Through
comparison of their structural differences, we unravelled that the
pH value influence on the structures is attributed to its effect on
the deprotonated degree of the carboxylates, coordination modes
of carboxylates as well as the in situ hydrolysis of 4-cyanopyr-
idine. In addition, such CCs display modest thermal stability and
solid-state fluorescent emission.Acknowledgements
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